The chemical form and quantity of nitrogen supplied during the growth of wild-type Neurospora crmsa mycelia had a significant effect on total protein synthesis andNADP-specific glutamate dehydrogenase (NADP-GD) specific activity. Both NADP-GD specific activity and protein yields were high when NH,+ was the sole nitrogen source. At NH,+ concentrations up to the optimal for protein synthesis, NADP-GD production and protein synthesis were proportional ; at higher concentrations NADP-GD specific activity decreased disproportionately. Glutamate alone, more markedly glutamate+NH,+, or a mixture of amino acids (e.g. sodium caseinate), similarly depressed NADP-GD specific activity. These data support the contention that excess nitrogen in some form acts as a specific NADP-GD repressor. Evidence is presented from experiments with nitrogen-starved mycelia that low concentrations of NH4+ per se may act to de-repress NADP-GD production. Under conditions of early nitrogen starvation, followed by a short growth period after NH4+ supplementation, more than 1 yo of the soluble protein in a heat-treated extract was found to be NADP-GD.
INTRODUCTION
In Neurospora significant modification of enzyme production in response to environmental changes has been demonstrated in only a few instances (Fincham & Boulter, 1956;  Horowitz, Fling, MacLeod & Watanabe, 1961 ; Yura & Vogel, 1959 ; Kinsky, 1961;  Turian, 1961;  Lester, 1961) . In contrast, the formation of inducible enzymes in bacteria has been found in nearly every case investigated. It is not known whether this apparent discrepancy between filamentous fungi and bacteria reflects fundamental differences in regulatory metabolic mechanisms or methodological difficulties in studying enzyme regulation in the filamentous fungi. Fincham (1962) and Barratt (1961) have reported the purification from mycelia of Neurospora crassa of a NADP-specific glutamate dehydrogenase (NADP-GD). Nicholas & Mabey (1960) reported the occurrence of a glutamate dehydrogenase (GD) from Neurospora which utilizes either diphosphopyridine nucleotide (NAD) or triphosphopyridine nucleotide (NADP) as a coenzyme. Recently two glutamate dehydrogenases, one specific for NAD and the other specific for NADP, have been isolated (Sanwal & Lata, 1961 a, b) , and these authors have reported effects of environmental conditions on the concurrent regulation of these two enzymes in Neurospora.
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Assay of NADP-GD. Assays were carried out by following the oxidation of reduced triphosphopyridine nucleotide (NADPH,) in a quartz spectrophotometer cell of 1 cm. light path in a Beckman Model DU or a Cary Model 14 spectrophotometer at 340 mp at room temperature. To a 4 ml. cell were added: 2.1 ml. 0.2M-2-amino-2-hydroxymethylpropane-l,3-diol (tris) buffer (pH 7.8) ; 0.2 ml. 0.167 M-aketoglutarate (pH 7.0), 0.15 ml. ~.OM-NH,C~ in tris buffer; 0.16 ml. of 1.2 x 1 0 -3~-NADPH, in tris buffer (0.16 ml. was sufficient to give a change in optical density (OD) of 0.4). The reaction was initiated by the addition of 0.1 ml. of enzyme solution. Enzyme concentrations were kept sufficiently low to give a linear reaction curve from 0 to 6 min.; in general one unit or less of NADP-GD was used in each assay. When crude enzyme preparations were used the reaction was initiated with aketoglutarate and non-specific NADPH, oxidation was subtracted from the rate obtained. In most experiments heat-treated fractions were used; these did not show any NADPH, oxidation before substrate addition. A unit of enzyme activity was defined as the change in optical density at of O-OB/min. Based on data to be published elsewhere, pure NADP-GD has a specific activity of about 25,000 units/ mg. protein when assayed at 25".
Protein determinations. Protein determinations were made on the soluble proteins by using the Folin phenol method of Lowry, Rosebrough, Farr & Randall (1951). Specific activity is expressed as units of enzyme activity/mg. protein.
Culture media. Four types of basal media were used: Fries medium (Beadle & Tatum, 1945) ; medium N (Vogel & Bonner, 1956 ); the basal nitrogen-free medium of Fincham (1954) supplemented with trace elements (Westergaard & Mitchell, 1947) and designated as medium F in the present paper; Wainwright's medium for producing conidia (Wainwright, 1959) supplemented with the above trace elements and designated as medium W in the present paper. The carbon source of medium W was modified by replacing one half of the sucrose with glycerol (i.e. final concentration 1 yo (v/v) 
glycerol).
Preparation of large batches of conidia. Maximal NADP-GD specific activity occurs shortly after conidial germination. Therefore to obtain significant quantities of protein, large conidial inocula became essential. Conidia were grown according to the method of Wainwright (1959) with the following modifications. Inoculated Fernbach flasks, containing 250 ml. modified medium W, were incubated a t 34' in an upright position for 24 hr., then inverted and incubated for a second 24 hr. period. To induce maximal conidiation the flasks were transferred to room temperature in the light, inverted and aerated with a gentle stream of sterile humidified air for 3-4 days (about half the time necessary for maximal conidiation reported by Wainwright, 1959) . Conidia were harvested in a 0.1 y,' (v/v) sterile Tween 80 solution, loosened with a sterile nylon test-tube brush, filtered through a double layer of sterile gauze to remove mycelial fragments, centrifuged a t 3000g for 10 min., and resuspended in sterile water. This procedure routinely yielded from each flask 3 to 6 x 1O1O conidia wet weight about 3.2 g. (dried by vacuum suction on Whatman no. 4 filter paper).
Conditions for growth. All mycelia used in these experiments were grown in aerated submerged cultures. No difference in total NADP-GD activity or specific activity was observed as between aeration on a shaker and this submerged forced aeration.
Preparation of extracts. Mycelia were harvested by vacuum filtration through S. and S. Sharkskin (Carl Schleicher and Schuell Company, Keene, New Hampshire, U.S.A.) filter paper, washed with distilled water and phosphate buffer (0.1 M; pH 7 0 0 )~ frozen and stored. Frozen mycelium was ground in a Waring blender in cold 0.1 M-phosphate buffer (pH 7.0) until uniformly homogenized, then transferred to a Virtis ' 45 ' homogenizer (The Virtis Company, Inc., Yonkers, New York, U.S.A.) and homogenized a t full speed for 20 min. in an ice bath. Routinely, the final homogenate was heated a t 53" for 30 min., cooled, centrifuged at 12,OOOg and the supernatant fluid assayed.
RESULTS

Effect of chemical form of nitrogen
In vivo in Neurospora, NADP-GD functions in the reductive amination of a-keto acids since a m strains, known to be deficient in NADP-GD do not grow in absence of transaminable a-amino nitrogen (up to 3 days ; Fincham, 1950) . Consequently, the chemical form of nitrogen supplied might be expected to exert a regulatory effect. Neurospora mycelia were grown in media containing the following nitrogen sources : ( a ) NH,+; ( b ) one half NH,+ and one half NO,-(standard minimal medium N) ; (c) readily transaminable a-amino nitrogen ; ( d ) amino nitrogen not transaminable. The specific NADP-GD activities found under these growth conditions are given in Table 1 . Twenty-five-fold differences in specific activity and total NADP-GD production were observed, but not under the same experimental conditions. Both NADP-GD-specific activity and protein yields were high when nitrogen was supplied as NH,+. Specific activity was the highest but growth and protein synthesis were minimal when the nitrogen was supplied in a poorly available form, e.g. glycine, serine, lysine (which Neurospora cannot transaminate ; Fincham, 1951) . The mycelia from these three flasks were pooled. Protein synthesis was high but specific NADP-GD activity was very low when nitrogen was supplied as a mixture of readily available amino acids (e.g. sodium caseinate). When a-amino nitrogen was supplied as glutamate, protein synthesis was limited, NADP-GDspecific activity was high and increased with decreasing glutamate concentrations. Glutamate or some derived metabolite is a repressor of NADP-GD. However,
other amino acids or their derived metabolites can also act as repressors, since hydrolysed casein decreases NADP-GD production much below that caused by a comparable concentration of glutamate. When one half of NH4+ was replaced by nitrate ion (standard medium N) protein synthesis and specific activity were low. 2 Assumes molecular weight of sodium caseinate to be 150 and nitrogen content to be 16 %. Efect of ammonium ion concentration As described above, the different concentrations of NH,+, supplied as NH, tartrate, resulted in very different specific activities. Therefore, the regulatory effect of different concentrations of NH,+ was investigated. A thirty-eight-fold difference in total activity, a fourfold difference in total protein and nearly a tenfold difference in specific activity was found over the range of nitrogen concentrations tested (Fig. 1) . These marked differences were not accompanied by similar differences in the wet weight yields of mycelium. The optimal concentration of NH4+ was 0 . 0 6 5~ with respect to nitrogen for highest NADP-GD-specific activity and production. These results are consistent with a regulatory effect of NH,+ on NADP-GD yield.
Post-growth nitrogen starvation and its reversal
Ammonium ions exert a regulatory effect: a low NH4+ concentration results in high protein and NADP-GD-specific activity. Since any further decrease of NH4+ concentration markedly limited growth, post-growth nitrogen starvation might provide similar conditions of extreme NH,+ limitation. Two-day mycelia were washed in phosphate buffer, transferred to nitrogen-free medium F and incubated for a further 2 days. The total NADP-GD production and specific activity doubled (Table 2) . However, when the nitrogen starvation was prolonged for 6 days, the specific activity remained high but general protein catabolism occurred. More 
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significantly, when 6-day nitrogen-starved mycelium was supplemented with NH, tartrate to O.lS~-nitrogen and allowed to grow for a further 6 hr., a nearly fourfold increase in total protein and an additional 5 0 % increase in specific activity was found.
Concurrent variation in concentration qf ammonium ion and time of growth
As shown above, NADP-GD production was markedly altered by NH,+ concentration or post-growth nitrogen starvation. The effect of the two concentrations of NH,+ for two different periods of growth was investigated. Two flasks of medium F, one supplemented with 0.016 M-nitrogen and the other with 0.065 M-nitrogen (both as NH, tartrate), were inoculated with a very heavy conidial suspension (final concentration of 4 x lo7 conidialml. culture medium). After incubation for 18 hr.
one half of the mycelium from one flask of each concentration was harvested and the remainder harvested after incubation for 24 hr. At either concentration of nitrogen the specific activities were higher a t 18 hr. than a t 24 hr. (Table a) , but the differ- ence was more marked a t the lower nitrogen concentration. Addition of optimal nitrogen (to 0 . 0 6 5~) after 18 hr. growth was without effect. Inconsistencies exist between the data from the two different nitrogen starvation experiments. The mycelium which was nitrogen starved for 6 days showed a marked response in NADP-GD and protein synthesis within 6 hr. after nitrogen supplementation ( Table 2) . In contrast, mycelium grown for 18 hr. on limited nitrogen, followed by growth for 6 hr. on adequate nitrogen, showed no increase in NADP-GD or protein synthesis. An experiment was therefore made in which nitrogen starvation preceded growth. Nitrogen-free medium F was inoculated with a heavy suspension of conidia, with reliance for conidial germination on endogenous nitrogen reserves. After incubation for 16 hr. the medium was supplemented with NH, tartrate to the optimal concentration (equiv. 0.065 M-nitrogen ; see Fig. 1 ), the mycelium incubated for a further 10-18 hr. and harvested ( Table 4) . Microscopic examination of the inoculated media just before supplementation showed that most conidia had germinated but that mycelial growth was insignificant. When nitrogen was supplied and incubation was only for 10 hr., the specific activity was the highest obtained in any experiment. When incubation was for 18 hr., the total units of NADP-GD almost doubled and the total protein increased almost 2.5-fold. These data support the idea of early NADP-GD synthesis in relation to total protein synthesis and confirm the marked stimulatory effect of NH,+ on nitrogen-starved mycelia.
Effect of carbon source Since ammonium ion has a marked regulatory effect on NADP-GD activity, variations in the other substrate a-ketoglutarate might also exert regulatory effects. Because of the instability of a-keto acids a t the pH value of the culture medium used, no direct test seemed feasible. One indirect approach would be to attempt regulation of the concentration of tricarboxylic acid cycle intermediates by altering the concentration of carbohydrate. Different concentrations of sucrose showed maximal NADP-GD activity at 1 yo (w/v), the lowest concentration used (Table 5 ) .
When the sucrose concentration was only 0.1 % there was very poor mycelial growth and low NADP-GD yields. Neurospora cannot use glutamate as sole carbon source, so that a direct test of end-product repression was not possible. 
DISCUSSION
During growth of Neurospora wild-type mycelia, total protein and NADP-GD synthesis was markedly influenced by the chemical form in which nitrogen was supplied. Of the nitrogen source investigated highest NADP-GD-specific activity and protein synthesis were consistently obtained when NH4+ was the nitrogen source. Since NADP-GD catalyses the reductive amination of a-keto acids in Neurospora (Fincham, 1950) , correlation under these conditions between high protein synthesis and high NADP-GD production is not unexpected. However, glutamate, the product of the synthetic activity of the enzyme, is not a sufficient single source of nitrogen for high protein synthesis even when supplied a t three times the nitrogen concentration of NH4+. A t concentrations of NH,+ up to the optimal for protein synthesis, NADP-GD and protein synthesis increased in parallel, i.e. the specific activity remained constant. Above the optimal value NADP-GDspecific activity decreased sevenfold with a fourfold increase in NH4+, and with no effect on mycelial growth. A repressing effect of NH4+ or some compound in the nitrogen pool seems indicated.
Similarly, the depressing effect of glutamate alone, glutamate + NH4+ or a mixture of amino acids, on specific activity support the contention that excess nitrogen in some form acts as a repressor. Sanwal & Lata (1962b) concluded that urea is the repressor of NADP-GD. However, their data differ from those reported here in that they found that replacement of urea with equivalent amounts of NH,+ (presumably 0 . 2 4~ with respect to nitrogen) had no significant effect on specific activity. Data reported here show a 90 yo decrease in specific activity when 0.195~-nitrogen was used instead of 0.065~-nitrogen (as NH, tartrate; see Fig. 1 ). Thus these data do not indicate urea as the repressor. Evidence reported by Sanwal & Lata:( 1962 b) on the substitution of alanine, ornithine, or valine for the repressing effect of glutamate in the presence of NH,+ is conflicting. High alanine, ornithine, and valine transaminase activities have been reported in Neurospora in the presence of the respective specific substrates (Fincham & Boulter, 1956 ); yet Sanwal & Lata (19623) found that alanine and ornithine but not valine substituted in reproducing the glutamate depression effect. An understanding of the mechanism of NH4+ repression awaits the application of short-time induction experiments in which the environment remains relatively constant during the experiment, such as those with washed mycelia recently reported in studies with nitrate reductase regulation in Neurospora (Kinsky, 1961) .
Ammonium ion per se may actually act to de-repress NADP-GD production. Specific activity is low in conidia and increases nearly eightfold within the first 24 hr. of incubation (nitrogen supplied as a mixture of NH4+ and NO,- (Sanwal &, Lata, 1962a) . Extreme restriction of NH,+ by growth of mycelium in presence of glycine, serine and lysine results in poor growth but high specific NADP-GD activity. When severely nitrogen-starved mycelium is supplemented with NH4+, a rapid reversal of soluble protein and NADP-GD catabolism is observed, as well as an increase in specific activity. Conidia germinated in nitrogen-free media and then supplemented with NH4+ yielded mycelium with the highest NADP-GD specific activity observed under any experimental conditions, and decreasing with time. Because of the unique role of this enzyme in the incorporation of NH,+ into a-amino nitrogen, complicated by regeneration of a-aminoglutarate via transaminations, the regulatory mechanism of induction and repression of NADP-GD may be complex and elusive.
To obtain maximal total NADP-GD synthesis, the concentration of NH4+ and nitrogen starvation appear to be significant. The highest NADP-GD yields accompanied by high specific activity were obtained under conditions in which nitrogenstarved mycelium, germinating on endogenous reserves, was harvested 10 hr. after supplementation with NH4+. Under these conditions more than 1 yo of the soluble protein in heat-treated fractions was found to be NADP-GD. While NADP-GD synthesis continued after 10 hr. the total protein synthesis occurred more rapidly, resulting in a lower specific activity.
The author wishes to acknowledge support of the U.S. National Science Foundation Grant G-8985. Some of the work was done while the author was a special postdoctoral Fellow of the U.S. National Institutes of Health, and working in the laboratory of Dr C. Yanofsky (Department of Biological Sciences, Stanford University).
